Diagnosis of Parkinson's disease (PD) is based on the presentation of clinical symptoms such as bradykinesia, resting tremor, and rigidity. However, one feature of PD that often begins years before diagnosis is decreased physical activity. We hypothesized that this depressed activity is not only a symptom of the early dopaminergic loss but also a catalyst in the degenerative process. Two experiments were performed to test this hypothesis. First, rats were exposed to a mild dose of 6-hydroxydopamine unilaterally into the nigrostriatal dopamine (DA) projections, which would normally result in an ϳ20% DA loss and no detectable behavioral asymmetries. A subset of these lesioned animals then had a cast applied for 7 d to the contralateral forelimb. After the cast was removed, these animals displayed long-term behavioral asymmetry and exacerbation of neurochemical loss (ϳ60% depletion). Second, a group of animals received a high dose of 6-hydroxydopamine that normally would yield a severe loss of nigrostriatal terminals (ϳ90% loss) and chronic sensorimotor deficits. During the first 7 d after neurotoxin exposure, a subset of these animals were forced to rely on the contralateral forelimb, a procedure we have previously reported to protect DA terminals and behavioral function. Some of these rats then had the use of their "recovered" forelimb restricted during the second or third week after lesioning. This precipitated a severe and chronic loss of DA terminals and functional deficits. These results suggest decreased physical activity not only is a symptom of PD but also may act to potentiate the underlying degeneration.
Diagnosis of Parkinson's disease (PD) is based on the presentation of clinical symptoms such as bradykinesia, resting tremor, and rigidity. However, one feature of PD that often begins years before diagnosis is decreased physical activity. We hypothesized that this depressed activity is not only a symptom of the early dopaminergic loss but also a catalyst in the degenerative process. Two experiments were performed to test this hypothesis. First, rats were exposed to a mild dose of 6-hydroxydopamine unilaterally into the nigrostriatal dopamine (DA) projections, which would normally result in an ϳ20% DA loss and no detectable behavioral asymmetries. A subset of these lesioned animals then had a cast applied for 7 d to the contralateral forelimb. After the cast was removed, these animals displayed long-term behavioral asymmetry and exacerbation of neurochemical loss (ϳ60% depletion). Second, a group of animals received a high dose of 6-hydroxydopamine that normally would yield a severe loss of nigrostriatal terminals (ϳ90% loss) and chronic sensorimotor deficits. During the first 7 d after neurotoxin exposure, a subset of these animals were forced to rely on the contralateral forelimb, a procedure we have previously reported to protect DA terminals and behavioral function. Some of these rats then had the use of their "recovered" forelimb restricted during the second or third week after lesioning. This precipitated a severe and chronic loss of DA terminals and functional deficits. These results suggest decreased physical activity not only is a symptom of PD but also may act to potentiate the underlying degeneration.
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Parkinson's disease (PD) is characterized by progressive motor impairment attributable primarily to degeneration of nigrostriatal dopamine (DA) neurons (for review, see Olanow and Tatton, 1999; Zigmond and Burke, 2002) . In patients with PD, movement is difficult, and inactivity becomes more prominent as the DA neurons degenerate (Fertl et al., 1993; Comella et al., 1994; Toth et al., 1997; Mazzoni and Ford, 1999) . Compensatory neurobiological changes and learned behavioral strategies may delay the appearance or detection of symptoms until the loss of terminals in the striatum becomes extensive enough to overcome the capacity of the system (Zigmond et al., 1984; Zigmond and Stricker, 1989; Lees, 1992; Zigmond, 1997; Swinnen et al., 2000) . For example, early in the disease, patients may learn to adapt to their motor deficits by using alternate behavioral strategies that lead to even greater dependence on less compromised motor systems (Lees, 1992) , an observation typical of animal neurological models and patients with other types of brain injury (Schallert and Hall, 1988; Lees, 1992; Jones and Schallert, 1994; Liepert et al., 2000; Whishaw, 2000) . Indeed, a decrease in motor activity often appears to precede frank neurological deficits (Fertl et al., 1993; Comella et al., 1994; Toth et al., 1997; Mazzoni and Ford, 1999) .
We have shown recently that early forced use of the impaired forelimb in rats unilaterally depleted of striatal DA results in amelioration of behavioral deficits and substantial increases in striatal DA levels and vesicular monoamine transporter 2 (VMAT2) immunoreactivity . Consistent with these results, clinical application of physical therapy in the latter stages of PD results in improved function and life span (Bilowit, 1956; Knott, 1957; Franklyn et al., 1981; Szekely et al., 1982) . The combination of physical activity leading to improvement in function and the observations of decreased physical activity early in PD suggests that the decreased physical activity not only may be a symptom of the degeneration but also may contribute to behavioral and neurochemical loss. In the following experiments, we tested the hypothesis that restraint of the affected forelimb in rats with mild subclinical unilateral lesions to the nigrostriatal system would result in exacerbation of the injury. In addition, we examined whether forced nonuse of the impaired forelimb could unmask or exaggerate an injury previously assumed to have recovered.
MATERIALS AND METHODS Animals
Fifty-six hooded L ong-Evans rats weighing between 350 and 450 gm at the time of lesioning were used. Animals were housed in groups of three in clear Plexiglas cages containing sawdust, maintained on a 12 hr light /dark cycle, and given food and water ad libitum. Animals were gently handled at least twice a week for 5 min for 1 month before surgery and behavioral testing. All handling and behavioral testing was performed during the animals' dark cycle. All procedures were approved by the Institutional Animal C are and Use Committee of the University of Texas at Austin in accordance with National Institutes of Health principles of laboratory animal care guidelines.
Surgical procedures
Animals were anesthetized with equithesin (25 mg / kg pentobarbital; P3761; Sigma, St. L ouis, MO) and 150 mg / kg chloral hydrate (0.35 ml /100 gm, i.p.; C8383; Sigma) followed by atropine sulfate (0.1 mg / kg. i.p.; A0257; Sigma) to facilitate respiration before being placed in the stereotaxic apparatus. To protect noradrenergic neurons, animals also received desipramine HC l (15 mg / kg, i.p.; D3900; Sigma), a norepinephrine reuptake inhibitor, 30 min before the inf usion of 6-hydroxydopamine hydrobromide (6-OH DA). T wo categories of neurotoxin exposure were used: a mild dose of 6-OH DA (5 g /4 l) or a more severe dose of 6-OH DA (10 g /4 l, weight of 6-OH DA; H8523; Sigma). The 6-OH DA, a selective neurotoxin for catecholamine neurons, was inf used unilaterally (0.5 l /min) into the medial forebrain bundle (3.3 mm posterior and 1.8 mm lateral to bregma and 8.1 mm ventral to dura). Control-operated animals received all standard stereotaxic surgical procedures up to but not including lowering of the inf usion cannula. After surgery, all animals were placed in an incubator to minimize hypothermia.
Forelimb immobilization (casting) procedures and treatment groups
Animals were randomly assigned to one of six lesioned groups or three sham-treated groups (Table 1) : (1) mild lesioned (5 g) and no cast (n ϭ 8), (2) mild lesioned and contralateral cast on postoperative days 1-7 (n ϭ 7), (3) severe lesioned (10 g; n ϭ 8), (4) severe lesioned and ipsilateral cast on postoperative days 1-7 (n ϭ 7), (5) severe lesioned and ipsilateral cast on postoperative days 1-7 followed by contralateral cast on days 7-14 (n ϭ 6), (6) severe lesioned and ipsilateral cast on postoperative days 1-7 followed by contralateral cast on days 21-28 (n ϭ 6), (7) sham and no cast (n ϭ 6), (8) sham and ipsilateral cast 1-7 (n ϭ 4), and (9) sham and ipsilateral cast on days 1-7 and contralateral cast on days 7-14 (n ϭ 4). C ast groups were fitted with casts composed of plaster of Paris designed to immobilize the designated forelimb after surgery. Animals were allowed to recover to the point of moderate consciousness (determined by head orientation to whisker stimulation) before casting. The ipsilateral forelimb was placed in a naturally retracted position against the sternum, and strips of casting material were formed around the limb and upper torso (Jones and Schallert, 1994) .
Behavioral testing Limb use asymmetr y (c ylinder) . Forelimb use during explorative activity was analyzed by videotaping rats in a transparent cylinder (20 cm diameter and 30 cm height) for 5 min before lesioning and on days 14, 21, 28, 35, and 40 after lesioning . Wall exploration and landing scores were determined separately, and each were expressed in terms of (1) the percentage of use of the nonimpaired forelimb relative to the total number of limb use movements, (2) the percentage of use of the impaired forelimb relative to the total number of limb use movements, and (3) the percentage of co-use of both limbs (simultaneous or alternating) relative to the total number of limb use movements. The percentage of use of the impaired forelimb was then subtracted from the percentage of use of the nonimpaired forelimb for exploration and landing. These two scores (wall and landing) were averaged together for a single limb use asymmetry score that corrected for interanimal variability in the number of wall versus landing movements. Forelimb ak inesia. Movement initiation for each limb was assessed using the forelimb akinesia test (Schallert et al., 1992a,b; Lindner et al., 1997; Tillerson et al., 2001) . The hindquarters of the animal were suspended while the animal supported its weight on only one forelimb. The animal was allowed to initiate stepping movements in a 10 sec period for one forelimb and then the other in a balanced order. Stepping measures for both limbs were recorded, and an ipsilateral asymmetry score was derived [(ipsilateral steps/ipsilateral ϩ contralateral steps) -(contralateral steps/ipsilateral ϩ contralateral steps)]. If an animal struggled during testing, the data were not included in the overall analysis.
Forelimb placing deficit. A vibrissa-elicited forelimb-placing test was used . Animals were held by their torsos, allowing forelimbs to hang free. Independent testing of each forelimb was induced by gently brushing the respective vibrissae on the edge of a tabletop once per trial for 10 trials. Intact animals place the forelimb of both sides quickly onto the counter top. Rats with unilateral 6-OH DA treatment show varying degrees of impaired limb-placing ability while still placing the unimpaired limb reliably. The percentage of unsuccessf ul placing responses was determined [(number placed contralaterally/number placed ipsilaterally) ϫ 10]. If an animal struggled during testing, the data were not included in the overall analysis.
Apomorphine-induced rotation. On day 18 after lesioning, the animals that received a high dose of 6-OH DA were given an injection of the DA receptor agonist apomorphine (0.5 mg / kg, s.c.). Rats were then placed in a plastic bowl, and the number of rotations in a 20 min trial was recorded (Ungerstedt, 1971) . Only animals given a 10 g dose of 6-OH DA were tested for apomorphine rotation.
Neurochemical analyses
Animals were anesthetized with carbon dioxide and decapitated 45 d after lesioning to permit neurochemical analyses. T wo groups of measurements were made to assess the degree of terminal loss. First, DA and Asymmetrical limb use; (1) forced use of the limb corresponding to sham operated hemisphere days 1-7; (2) forced nonuse of the forelimb corresponding to the lesioned hemisphere days 7-14 its metabolites were measured by HPLC. Second, several proteins characteristic of DA terminals were measured by Western blot. These included the DA transporter (DAT), the V M AT2 present in the C NS, and tyrosine hydroxylase (TH), the rate-limiting enzyme in DA biosynthesis.
HPLC of striatal DA and metabolites
A 1 mm section of the striatum (ϩ1 mm to bregma) was dissected for both the ipsilateral and contralateral hemispheres. Dissected striata were assayed using minor modifications of previous methods. Tissue was sonicated in 0.1 M HC lO 2 perchloric acid containing 347 M sodium bisulfite and 134 M EDTA disodium salt. Homogenates were centrif uged at 16,000 ϫ g for 20 min at 4°C, and the supernatant was removed. The supernatants were centrif uged at 16,000 ϫ g and were analyzed for levels of DA, 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (H VA) by HPLC (column, HR-80, 4.6 mm ϫ 8 cm, four-channel coulometric electrode array; model 5600; ESA Inc., Chelmsford, M A) with sensitivity to femtomole levels). The mobile phase consisted of 16 mM citric acid monohydrate, 32 mM ammonium acetate, 215 M EDTA disodium salt, 850 M 1-octanesulfonic acid sodium salt monohydrate, final pH 2.5, and 5% methanol (delivered at a constant flow rate of 1 ml /min). Quantification was made by reference to calibration curves made with standards of DA hydrochloride (H8502; Sigma), DOPAC (D9128; Sigma) and H VA (H1252; Sigma).
Western blot analysis of DAT, VMAT2, and TH
DAT, V M AT2, and TH protein were measured to provide additional indices of striatal DA terminal integrity (Miller et al., 1997 (Miller et al., , 1999 Miller and Levey, 2001 ). Briefly, a 1 mm section of the striatum at the level of bregma was dissected from both the ipsilateral and contralateral hemispheres. Samples were homogenized in a buffer (in mM: 320 sucrose and 5 H EPES containing a protease inhibitor mixture). Homogenized samples were centrif uged at 2000 ϫ g for 5 min, and the supernatant was centrif uged at 30,000 ϫ g for 30 min. The final pellet was resuspended in homogenization buffer and subjected to PAGE (NuPage, 10%; Invitrogen, San Diego, CA). Samples were electrophoretically transferred to a poly vinylidene difluoride membrane, and nonspecific sites were blocked in 7.5% nonfat dry milk in Tris-buffered saline (135 mM NaC l, 2.5 mM KC l, 50 mM Tris, and 0.1% T ween 20, pH 7.4). Membranes were then incubated in a polyclonal antibody to the C terminus of V M AT2 (V M AT2-C t, AB1767; Chemicon, Temecula, CA) in Tris-buffered saline with 2% nonfat dry milk. V M AT2 antibody binding was detected using a goat anti-rabbit horseradish peroxidase secondary antibody (170 -6515; Bio-Rad, Hercules, CA) and enhanced chemiluminescence (CG50450; Pierce, Rockford, IL). The chemiluminescent signal was captured on an Alpha Innotech (San Leandro, CA) ChemiImager and stored as a digital image. Densitometric analysis was performed and calibrated to coblotted dilutional standards of control striata, and exposures performed within the linear range. Control striata for the standards were pooled from all noncasted sham animals. Membranes were then stripped for 20 min at 80°C (8 M urea, 100 mM 2-mercaptoethanol, and 62.5 mM Tris, pH 6.8) and reprobed with a monoclonal antibody to the N terminus of DAT [rat anti-dopamine transporter antibody (Miller et al., 1997) ; M AB369; Chemicon; goat anti-rat secondary antibody, 56400; IC N, Costa Mesa, CA], a polyclonal TH antibody (rabbit anti-tyrosine hydroxylase, AB152; Chemicon), and ␣-tubulin (T9026; Sigma) goat anti-mouse secondary antibody (170-6516; Bio-Rad).
Statistical analysis
Behavioral observations were first subjected to an overall repeated measures ANOVA. Post hoc analyses compared each lesion group with the collective sham group. Neurochemical measures were analyzed by applying a one-way ANOVA for group effect. Bonferroni post hoc comparisons of neurochemical data compared each treatment group. All post hoc measures were error-corrected to keep the overall error rate per group at 0.05. Statistical analyses were performed using SPSS (Chicago, IL) 10.0 software.
RESULTS

Mild 6-OHDA exposure: behavioral outcome after inactivity of the affected forelimb Limb use asymmetry test
Casting of the impaired forelimb for the first 7 d after lesioning resulted in an exacerbation of behavioral asymmetry (Fig. 1 A) . As expected, immobilization of the forelimb in sham animals did not result in a significant behavioral difference between sham groups (no cast, ipsilateral cast on days 1-7, and ipsilateral cast on days 1-7/contralateral cast on days 7-14; F (2,11) ϭ 0.182). Therefore, these three groups were pooled. Two-way ANOVA revealed a significant group-by-day interaction (F (10,130) ϭ 10.435; p Ͻ 0.0001). A Dunnett post hoc analysis compared each lesion group with the pooled sham group. Animals given a unilateral 5 g infusion of 6-OHDA were not different from intact animals in the limb use asymmetry task ( p ϭ 0.827). In contrast, animals forced to not use the impaired limb after surgery through day 7 displayed significant limb use asymmetry compared with both sham animals ( p Ͻ 0.0001) and lesion-only animals ( p Ͻ 0.0001) (Fig. 1 A) .
Test for forelimb akinesia
Casting the impaired forelimb during the first week after mild 6-OHDA insult resulted in significant long-term akinesia (Fig.   Figure 1 . Behavioral asymmetries after forced nonuse in animals with mild lesions. A, Animals given mild unilateral lesions did not display significant limb use asymmetry. When animals were forced to not use the impaired forelimb for the first 7 d after lesioning, they demonstrated limb use asymmetry that persisted across testing days. B, Animals given mild unilateral lesions did not display significant forelimb akinesia. When animals were forced to not use the impaired forelimb for the first 7 d after lesioning, they demonstrated forelimb akinesia that persisted across testing days. C, Animals given mild unilateral lesions did suffer placing deficits. When animals were forced to not use the impaired forelimb for the first 7 d after lesioning, they demonstrated significant placing deficits that persisted across testing days (*p Ͻ 0.01 compared with sham controls; ϩ p Ͻ 0.01 compared with lesion only).
B).
There were no significant differences among the three sham groups on akinetic scores, and these three groups were pooled for further analysis (F (2,10) ϭ 0.259). An overall two-way ANOVA revealed a significant group-by-day interaction (F (10,110) ϭ 3.584; p Ͻ 0.001). As in the limb use asymmetry analysis, primary interest lay in comparing each group to the pooled sham group. Post hoc analyses again revealed that in contrast to mild lesion animals and sham controls, animals forced to not use the impaired limb during the time of degeneration showed significant akinesia ( p Ͻ 0.0001) (Fig. 1 B) .
Forelimb placing
Casting the impaired forelimb during the first week after lesioning resulted in significant placing deficits (Fig. 1C) . As with the other analyses, sham groups were pooled because statistical analysis indicated that they did not differ (F (2,10) ϭ 1.059). An overall two-way ANOVA revealed a significant group-by-day interaction (F (10,110) ϭ 3.880; p Ͻ 0.001). Unlike lesioned animals that were not casted and sham controls, animals forced to not use the impaired limb for the first 7 d after insult displayed significant placing deficits ( p Ͻ 0.0001) (Fig. 1C) .
Mild 6-OHDA exposure: neurochemical loss after inactivity of the affected forelimb Percentage of DA remaining in the lesioned striatum
The percentages of DA, DOPAC, and HVA remaining in the lesioned hemisphere were calculated by dividing the amount of each compound in the striatum of the lesioned hemisphere by the content of the striatum in the nonlesioned hemisphere. No significant differences were found in DA, DOPAC, or HVA measures in the nonlesioned hemisphere (for mean levels, see Table  2 ). In addition, no significant differences were found between sham groups (DA, F (2,11) ϭ 1.549; DOPAC, F (2,11) ϭ 0.613; HVA, F (2,11) ϭ 0.719); therefore, these three groups were combined. A one-way ANOVA indicated a significant group effect for DA content and its metabolites (DA, F (2,26) ϭ 37.080; p Ͻ 0.0001; DOPAC, F (2,26) ϭ 7.969; p Ͻ 0.01; HVA, F (2,26) ϭ 36.131; p Ͻ 0.0001). Post hoc analysis revealed that DA levels were significantly decreased in the animals that received lesions but no casts when compared with sham ( p Ͻ 0.05) (Fig. 2 A) .
Further analysis showed that whereas there were significant declines in DA, DOPAC, and H VA levels in lesioned and casted animals compared with sham animals (DA, p Ͻ 0.0001; DOPAC, p Ͻ 0.01; H VA, p Ͻ 0.001), these animals had significantly greater reductions in DA ( p Ͻ 0.0001) and H VA ( p Ͻ 0.001) when compared with animals that were lesioned but not casted. No significant differences in DOPAC / DA ratios were found between groups (F (2,26) ϭ 1.604). Therefore, forced nonuse of the impaired limb not only led to significant behavioral impairments but also resulted in exacerbation of striatal DA loss.
Changes in striatal DA terminal proteins
The percentages of DAT, VMAT2, and TH remaining in the lesioned hemisphere were calculated by dividing the level in the striatum of the lesioned hemisphere by the level of the striatum in the nonlesioned hemisphere (for mean levels, see Table 3 ). No significant differences were found between sham groups (DAT, F (2,10) ϭ 0.860; VMAT2, F (2,10) ϭ 0.098; TH, F (2,10) ϭ 0.912); therefore, these groups were combined for further analyses.
Significant losses in DAT (F (2,22) ϭ 12.804; p Ͻ 0.0001) were found between treatment groups. Post hoc analysis found a significant decline in reactivity in animals forced to not use the impaired limb when compared with both sham animals ( p Ͻ 0.0001) and lesion-only animals ( p Ͻ 0.02). A significant overall group effect was seen in VMAT2 levels (F (2,22) ϭ 14.482; p Ͻ 0.0001). The characteristic three immunoreactive VMAT2 bands were observed at 75, 55, and 45 kDa. The 75 kDa (glycosylated), active VMAT2 band was quantified (Miller et al., 1999) . Post hoc analysis revealed a significant loss for animals forced to not use the impaired limb when compared with both sham ( p Ͻ 0.0001) and lesion-only ( p Ͻ 0.01) groups. Finally, a significant overall group effect was seen in TH immunoreactivity (F (2,22) ϭ 10.497; p Ͻ 0.01). As with DAT and VMAT2, animals forced to not use the impaired forelimb had significantly less reactivity compared with sham ( p Ͻ 0.01) and lesion-only ( p Ͻ 0.01) groups (Fig.  2 B,C) . Tubulin blots indicated equal loading of samples across treatment groups (data not shown). Severe 6-OHDA exposure: behavioral effects of delayed nonuse of the impaired forelimb in animals previously recovered from severe dopaminergic lesion
Limb use asymmetry test
Seven days of forced nonuse of the impaired forelimb beginning 7 or 21 d after behavioral recovery resulted in a reinstatement of lesion-induced behavioral asymmetry (Fig. 3A) . Two-way ANOVA revealed a significant group-by-day interaction (F (20,190) ϭ 9.5; p Ͻ 0.0001). Post hoc analysis compared each lesion group with the pooled sham group. Animals that received a severe unilateral lesion demonstrated significant behavioral asymmetry that persisted across testing days compared with sham animals ( p Ͻ 0.0001). As demonstrated previously , forced reliance of the impaired forelimb for the first 7 d after a severe unilateral 6-OHDA lesion abolished this asymmetry ( p ϭ 0.731) (Fig. 3A) . However, when animals forced to rely on the impaired limb for 7 d after injury were later forced to not use the impaired limb, a reinstatement of behavioral asymmetry was observed (forced use during days 1-7, followed by nonuse on days 14 -21, p Ͻ 0.001; forced use during days 1-7 followed by nonuse on days 21-28, p Ͻ 0.0001).
Test for forelimb akinesia
Animals that had shown the ameliorative effects of 7 d of forced use of their impaired limb were then subjected to a cast on that limb for 7 d beginning on postoperative day 7 or 21. Such forcing of inactivity of the impaired forelimb resulted in a reinstatement of lesion-induced akinesia (Fig. 3B) . Two-way ANOVA revealed a significant group-by-day interaction (F (20,175) ϭ 9.323; p Ͻ 0.0001). Post hoc analysis reflected severe forelimb akinesia in animals that received a severe unilateral lesion compared with sham animals ( p Ͻ 0.0001).
No difference was observed between animals forced to rely on their impaired limb for the first 7 d after lesioning compared with sham control animals ( p ϭ 0.888), a finding consistent with our previous demonstration (Tillerson et al., 2001 ). However, when Figure 2 . Effect of forced nonuse of the impaired forelimb after mild 6-OHDA lesion. A, A 5 g infusion of 6-OHDA resulted in only a mild loss of DA and HVA in striatal tissue when values were compared with the intact hemisphere. In contrast, forced nonuse of the impaired forelimb for the first 7 d after lesioning resulted in significantly greater loss of DA and its metabolites when compared with both sham animals and animals lesioned but not casted; *p Ͻ 0.05 compared with sham; ϩ p Ͻ 0.01 compared with lesion/no cast. B, Immunoreactivity of DAT, VMAT2, and TH was not reduced after mild lesioning (calculated as percentage remaining in lesion hemisphere). In contrast, forced nonuse of the impaired forelimb for the first 7 d after lesioning resulted in significant declines in DAT, VMAT2, and TH immunoreactivity; *p Ͻ 0.01 compared with sham; ϩ p Ͻ 0.02 compared with lesion/no cast. C, Representative blots of VMAT2, DAT, and TH for sham, mild lesion, and mild lesion and nonuse groups. Ctrl, Control; Les, lesion. animals forced to rely on the impaired limb for 7 d after injury had their recovered forelimb restrained, a reinstatement of behavioral asymmetry was observed (forced use on days 1-7 followed by nonuse on days 14 -21, p Ͻ 0.0001; forced use on days 1-7 followed by nonuse on days 21-28, p Ͻ 0.0001) (Fig. 3B) .
Forelimb placing
Forcing nonuse of the impaired forelimb on days 7-14 or 21-28 after forced use-induced behavioral recovery resulted in a reinstatement of lesion-induced placing deficits (Fig. 3C) . Two-way ANOVA revealed a significant group-by-day interaction (F (20,175) ϭ 7.650; p Ͻ 0.0001). Post hoc analysis reflected a significant placing deficit in animals that received a severe unilateral lesion compared with sham animals ( p Ͻ 0.0001). In contrast, forced reliance of the impaired forelimb for the first 7 d after a severe unilateral 6-OHDA lesion resulted in amelioration of the placing deficit ( p ϭ 0.990). When animals forced to rely on the impaired limb for 7 d after injury were later forced to not use that limb, a reinstatement of the deficit typically associated with this high dose of 6-OHDA was observed (forced use on days 1-7 followed by nonuse on days 14 -21, p Ͻ 0.0001; forced use on days 1-7 followed by nonuse on days 21-28, p Ͻ 0.001) (Fig. 3C) .
Apomorphine rotation
A subset of animals in the sham and severe lesion groups were tested for apomorphine rotation on day 18 after lesioning. In addition, animals casted to promote forced use on days 1-7 and then exposed to nonuse on days 21-28 were tested on day 35 after lesioning. An overall significant group effect was found in apomorphine-induced contralateral rotation (F (5,31) ϭ 12.294; p Ͻ 0.0001) (Fig. 4 A,B) . Post hoc analysis revealed significantly higher rotation in the lesion-only group compared with shams ( p Ͻ 0.05). Animals forced to rely on the impaired forelimb for the first 7 d after lesioning did not display significant rotation ( p ϭ 1.0). In contrast, forced reliance on the impaired limb on days 1-7 after lesioning followed by forced nonuse of the limb on days 7-14 yielded severe apomorphine rotation ( p Ͻ 0.05). When animals forced to use their impaired limb on days 1-7 and subsequently forced to not use that limb on days 21-28 were tested before the second cast (day 18 after lesioning), they did not display significant rotation ( p ϭ 1.0). However, when these animals were again tested after the forced inactivity of the lesion-affected forelimb (on day 35 after lesioning), strong contralateral rotation was measured (forced use on days 1-7 and nonuse on days 21-28 tested on day 35 vs sham, p Ͻ 0.0001; vs tested on day 18, p Ͻ 0.0001).
Severe 6-OHDA exposure: neurochemical loss after delayed nonuse in animals previously recovered from severe DA lesion Percentage of DA remaining in the lesioned striatum
The percentages of DA, DOPAC, and HVA remaining in the lesioned hemisphere was calculated by dividing the amount of Figure 3 . Behavioral asymmetries after forced nonuse in animals with severe DA lesions. A, Animals forced to rely on the impaired forelimb for the first 7 d after severe unilateral lesioning did not display characteristic limb use asymmetry. In contrast, when animals were later forced to not use the impaired forelimb after recovery induced by forced use, asymmetrical limb use characteristic of the high dose of 6-OHDA received at the time of surgery was observed (*p Ͻ 0.01). B, Animals forced to rely on the impaired forelimb for the first 7 d after severe unilateral lesioning did not display characteristic forelimb akinesia. In contrast, when animals were later forced to not use the impaired forelimb after recovery induced by forced use, marked forelimb akinesia characteristic of the amount of neurotoxin sustained during surgery was observed (*p Ͻ 0.01). C, Animals forced to rely on the impaired forelimb for the first 7 d after severe unilateral lesioning did not display characteristic placing deficits. In contrast, when animals were later forced to not use the impaired forelimb after forced use-induced recovery, occurrence or reinstatement of placing inability was observed (*p Ͻ 0.01). Figure 4 . Apomorphine-induced rotation after forced nonuse in animals with recovery of function. A, Unilateral 10 g infusion of 6-OHDA resulted in significant contralateral rotation after apomorphine administration 18 d after lesioning. Forced use of the impaired forelimb for the first 7 d after lesioning resulted in an absence of apomorphine-induced rotation. When animals were forced to not use the limb on days 7-14 after a 7 d period of forced use, they displayed significant apomorphine rotation. B, Animals forced to rely on the impaired forelimb for the first 7 d after lesioning and later had the impaired forelimb casted on days 21-28 did not display significant apomorphine-induced rotation 18 d after lesioning. In contrast, when tested on day 35 after lesioning (after the period of nonuse), these animals displayed significant contralateral rotation (*p Ͻ 0.05 compared with shams; ϩ p Ͻ 0.01 day 18).
each compound in the striatum of the lesioned hemisphere by the content of the striatum in the nonlesioned hemisphere (for mean levels, see Table 2 ). When animals were forced to rely on the impaired forelimb for the first 7 d after a 10 g infusion of 6-OHDA, and then the cast was removed to allow normal activity in both limbs, an attenuation of striatal DA loss was measured on day 45 after lesioning ( Fig. 5A) . In contrast, in animals that were forced to rely on the impaired forelimb for the first 7 d after injury followed by forced inactivity of the impaired forelimb, either on days 7-14 or 21-28, no sparing of DA measures was found in the striatum on day 45 after lesioning (Fig. 5A) . One-way ANOVA indicated a significant group effect for DA content and its metabolites (DA, F (4,35) ϭ 41.283; p Ͻ 0.0001; DOPAC, F (4,35) ϭ 11.738; p Ͻ 0.001; HVA, F (4,35) ϭ 8.565; p Ͻ 0.001). Post hoc analysis revealed that DA ( p Ͻ 0.001), DOPAC ( p Ͻ 0.01), and HVA ( p Ͻ 0.001) levels were significantly declined in the severe lesion-only group compared with sham animals. In contrast, animals forced to rely on the impaired limb for the first 7 d after lesioning did not differ in the extent of their DA loss ( p ϭ 0.537), DOPAC ( p ϭ 0.076), and HVA ( p ϭ 0.951) compared with sham animals. When animals forced to rely on the impaired limb for the first 7 d after lesioning were later forced to not use the impaired limb, significant losses in DA (forced use on days 1-7 followed by nonuse on days 7-14, p Ͻ 0.001; forced use on days 1-7 followed by nonuse on days 21-28, p Ͻ 0.01), DOPAC (forced use on days 1-7 followed by nonuse on days 7-14 or 21-28, p Ͻ 0.01), and HVA (forced use on days 1-7 followed by nonuse on days 7-14 or 21-28, p Ͻ 0.01) were measured. A significant overall effect in DOPAC/DA ratios was also measured (F (4,35) ϭ 6.408; p ϭ 0.001). Significant increases in this ratio were measured in lesioned animals that were not casted ( p Ͻ 0.01) and in lesioned animals subjected to forced use on days 1-7 and then forced to not use the limb on days 21-28 ( p Ͻ 0.01) compared with sham controls. Thus, forced nonuse of the impaired forelimb after a period of forced use-induced recovery yielded a lesion-induced striatal DA content and metabolite loss that was consistent with that expected by the high level of neurotoxin endured at the time of surgery.
Western blot
The percentages of DAT, VMAT2, and TH remaining in the lesioned hemisphere were calculated by dividing the level in the striatum of the lesioned hemisphere by the level in the nonlesioned hemisphere (for mean levels, see Table 3 ).
Significant losses in DAT (F (4,35) ϭ 17.744; p Ͻ 0.0001) were found between treatment groups (Fig. 5B,C) . Post hoc analysis found a significant decline in reactivity in lesion-only animals ( p Ͻ 0.001). Animals forced to rely on the impaired limb for the first 7 d after lesioning also displayed decreased immunoreactivity when compared with sham controls ( p Ͻ 0.01) (Fig. 5B) . However, these animals also displayed a significant increase in DAT reactivity when compared with lesion-only groups ( p Ͻ 0.05), reflecting the neurochemical improvement after forced reliance on the impaired forelimb. Animals forced to rely on the impaired limb for the first 7 d after lesioning and then subjected to nonuse of the same limb on days 7-14 had significant declines in DAT reactivity compared with shams ( p Ͻ 0.001), as did animals in the group with forced use on days 1-7 followed by nonuse on days 21-28 ( p Ͻ 0.001) (Fig. 5B) .
A significant overall group effect was seen in VMAT2 levels (F (4,35) ϭ 29.859; p Ͻ 0.0001) (Fig. 5B,C) . Post hoc analysis found a significant decline in reactivity in lesion-only animals ( p Ͻ 0.001). In addition, animals forced to rely on the impaired limb for the first 7 d after lesioning also displayed decreased immunoreactivity when compared with sham controls ( p Ͻ 0.02). However, these animals also displayed a significant increase in VMAT2 reactivity when compared with lesion-only groups ( p Ͻ 0.001), reflecting the neurochemical improvement after forced reliance on the impaired forelimb (Fig. 5B) . Animals forced to rely on the impaired limb for the first 7 d after lesioning but then subject to nonuse of that limb on days 7-14 had significant declines in VMAT2 reactivity compared with shams ( p Ͻ 0.001), as did animals in the group with forced use on days 1-7 followed by nonuse on days 21-28 ( p Ͻ 0.001) (Fig. 5B) .
Finally, a significant overall group effect was seen in TH immunoreactivity (F (4,35) ϭ 14.754; p Ͻ 0.0001) (Fig. 5B,C) . As with Figure 5 . Effect of forced nonuse of the impaired forelimb after severe 6-OHDA lesion. A, A 10 g infusion of 6-OHDA resulted in severe lesioning as reflected by significant decrease in the percentage of DA, DOPAC, and HVA remaining. Forced use of the impaired forelimb for the first 7 d after lesioning resulted in amelioration of these losses, but subsequent nonuse of the impaired forelimb on days 7-14 or 21-28 resulted in a reinstatement of lesion induced losses; *p Ͻ 0.01 compared with sham. B, Immunoreactivity of DAT, VMAT2, and TH was significantly reduced after a 10 g unilateral lesion, but the reactivity of these proteins was significantly increased after forced use of the impaired forelimb for the first 7 d after lesioning. A subsequent period of nonuse after forced use resulted in decreased immunoreactivity of DAT, VMAT2, and TH (*p Ͻ 0.01 sham;
ϩ p Ͻ 0.01 lesion only). C, Representative blots of VMAT2, DAT, and TH for animals subjected to a severe lesion only, severe lesion plus forced use on postoperative days 1-7, and severe lesion plus forced use on days 1-7 followed by nonuse on days 21-28. Ctrl, Control; Les, lesion.
DAT and VMAT2, lesion-only animals had significantly less reactivity compared with sham animals ( p Ͻ 0.0001), as did animals that were lesioned, forced to use their impaired limb on days 1-7, and then had that limb casted on days 7-14 ( p Ͻ 0.0001) or on days 21-28 ( p Ͻ 0.001) (Fig. 5B) . Animals forced to rely on the impaired forelimb for the first 7 d after injury only also had decreased TH reactivity compared with sham controls but did display significantly more TH reactivity compared with animals that were lesioned but not casted, again reflecting the induced striatal neuroplasticity after forced use of the impaired forelimb alone (Fig. 5B,C) . Tubulin blots indicated equal loading of samples across treatment groups (data not shown).
DISCUSSION
An overall decrease in physical activity is an early feature of PD, occurring years before the first appearance of diagnostic symptoms (Fertl et al., 1993; Comella et al., 1994; Toth et al., 1997; Mazzoni and Ford, 1999) . Indeed, this decline in activity is reflected in animal models of the disease (Schallert and Hall, 1988; Lees, 1992; . On the other hand, increased physical activity has been found to improve motor ability and to increase life span in patients in the latter stages of their disease (Bilowit, 1956; Knott, 1957; Franklyn et al., 1981; Szekely et al., 1982; Palmer et al., 1986; Hurwitz, 1989; Toole et al., 2000) . In addition, recent studies have demonstrated the positive effects of forced movement in a variety of animal models of CNS injury (Jones and Schallert, 1994; Stroemer et al., 1995; Bury et al., 2000; Carro et al., 2001; Tillerson et al., 2001 ). For example, we have shown recently that forced reliance on the impaired forelimb for the first 7 d after unilateral 6-OHDA insult resulted in decreased striatal DA loss and recovery from behavioral asymmetries ). This combination of findings relating physical activity to symptoms in animal models and PD patients led us to hypothesize that decreased physical activity may not only be a symptom of dopaminergic damage but may also contribute to the disease process.
In this study, we first examined the effects of forced restraint of the impaired forelimb in animals with mild unilateral 6-OHDA lesions. Forced nonuse of the impaired forelimb for the first 7 d after lesioning resulted in long-term behavioral impairments and exacerbation of neurochemical damage. Sensitive behavioral measures that have been shown previously to be significantly correlated with striatal DA content Tillerson et al., 2001) were performed up to day 40 after lesioning. Uncasted animals given mild DA-depleting lesions did not display detectable behavioral impairments on any of the tests, a result consistent with previous findings with such DA lesions. However, animals given the same mild dose of 6-OHDA along with restraint of the impaired forelimb for the first 7 d after lesioning displayed significant behavioral deficits that persisted across testing days (Fig. 1) . In addition to increased behavioral impairments, evaluation of the nigrostriatal system by HPLC analysis and Western blot analysis for DAT, VMAT2, and TH indicated significant increases in the loss of DA terminals in animals forced to not use the impaired forelimb during the first 7 d after lesioning (Fig. 2) .
We also tested the effects of forced nonuse after the protective effects of forced use in rats exposed to a larger dose of 6-OHDA. As demonstrated previously , we found that forced use of the impaired forelimb for the first 7 d after insult resulted in behavioral sparing (Figs. 3, 4) and increased striatal DA levels (Fig. 5A) . DAT, VMAT2, and TH immunoreactivity was also significantly increased, although we did detect a decline in DAT reactivity compared with sham control (Fig. 5B) . In contrast, marked behavioral deficits (Figs. 3, 4) and neurochemical deficits (Fig. 5) were observed in animals first subjected to the protective effects of forced use followed by delayed forced inactivity of the forelimb corresponding to the lesioned hemisphere.
In both sets of experiments, forced inactivity of the forelimb corresponding to the lesion resulted in marked behavioral and neurochemical loss. Animals given mild lesions to the nigrostriatal system did not display behavioral asymmetry and thus maintained use of the impaired forelimb after injury. Postinjury use was the only factor changed in these experiments, and this strongly suggests that the compensatory mechanisms that allow for near-normal striatal DA content and behavioral symmetry are use-dependent. Physical activity alone promotes several factors that may modify the impact of injury, such as growth factor production (Neeper et al., 1995; Gomez-Pinilla et al., 1997 Widenfalk et al., 1999; Bury et al., 2000; Carro et al., 2001) , alterations in neurotransmitter synthesis and transmission (Meeusen and De Meirleir, 1995) , and neurogenesis (Czurko et al., 1999; van Praag et al., 1999) . Indeed, forced use of a forelimb in sham-operated animals increases FGF-2, glial cell-line derived neurotrophic factor, and BDNF expression Stewart et al., 2001 ). In addition, acrobat training after minor denervation paired with behavioral demand results in trophic factors and neuronal morphological changes related to synaptogenesis (Bury et al., 2000) . Therefore, possible mechanisms underlying the results found in these experiments include a decline in any of these and other activity-dependent changes. An improved understanding of potential mechanisms of activitydependent events will lend further insight into these phenomena and may aid in the development of treatments for PD patients.
It is important to note that the effects of physical activity and inactivity demonstrated in this paper may derive not only from an influence on the nigrostriatal neurons but also from an influence on associated nondopaminergic neurons. Use-dependent changes in nondopaminergic neurons may be essential, including intrinsic neurons of the striatum and associated regions. For example, motor behavior affects corticostriatal glutamatergic projections and GABAergic medium spiny neurons. If the status of nondopaminergic target cells were markedly altered by sensorimotor experience soon after neurotoxin exposure, it is reasonable that this could have a major impact on the degree to which nigrostriatal terminals maintain or regain the connections.
Finally, it is possible that animals forced to not use the forelimb corresponding to the lesioned hemisphere were subjected to more 6-OHDA. This might occur, for example, if forced nonuse resulted in a decrease in the activity of DA neurons and a subsequent increase in the amount of toxin taken up by the contralateral DA neurons. However, although there is some evidence for an activity-dependent regulation of DAT (Sharpe et al., 1991; Wilson et al., 1996a,b) , it seems unlikely that the interactions reported thus far would account for the rather profound effects of forced inactivity that we have reported here.
The positive effects of forced use in unilateral 6-OHDAtreated rats replicated in this study are different from those in our previous experiments showing that forced use of the impaired forelimb causes adverse effects in rats with focal cortical lesions or ischemic injury confined to the sensorimotor cortex (Kozlowski et al., 1996; Humm et al., 1998 Humm et al., , 1999 Risedal et al., 1999; . However, there are several variables that differ between our previous findings and our current results, such as the rate of the injury, primary and secondary degenerative events, and the location of the injury. Indeed, when ischemic damage included the striatum, forced use of the affected forelimb did not exaggerate the extent of the damage (Bland et al., 2001 ). In addition, there are precedents for beneficial effects of physical therapy in both stroke and PD patients (Bilowit, 1956; Szekely et al., 1982; Comella et al., 1994; Taub et al., 1999; Liepert et al., 2000; de Goede et al., 2001) . Finally, the detrimental behavioral effects of decreased activity in unilateral 6-OHDA-treated rats is analogous to our findings in rats with ischemic injury that were forced to not use the affected forelimb (Bland et al., 2001) .
Our findings suggest three points that may be important for PD patients. First, we have shown that decreased physical activity actually exacerbated the neurodegenerative process in unilateral PD rats. Second, we again found that increased physical activity during the degenerative process attenuated both the behavioral deficit and the loss of striatal DA. Finally, we demonstrated that the effects of nonuse could reverse the effects of forced use even when the period of inactivity was separated from the period of use by as much as 2 weeks. This suggests that although exercise can be neuroprotective, those effects are not necessarily permanent and apparently must be maintained by continuous exercise or normal use. Overall, these results demonstrate the role of decreased physical activity in the perpetuation of behavioral and neurochemical loss in the 6-OHDA model of PD and thus suggest that a similar reciprocal interaction between decreased physical activity and ongoing DA neuron degeneration may occur in PD.
